A complex and still not comprehensively resolved panel of transmembrane proteins regulates the outgrowth and the subsequent morphological and functional development of neuronal processes. In order to gain a more detailed description of these events at the molecular level, we have developed a cell surface biotinylation assay to isolate, detect, and quantify neuronal membrane proteins. When we applied our assay to investigate neuron maturation in vitro, we identified 439 differentially expressed proteins, including 20 members of the immunoglobulin superfamily. Among these candidates, we focused on Negr1, a poorly described cell adhesion molecule. We demonstrated that Negr1 controls the development of neurite arborization in vitro and in vivo. Given the tight correlation existing among synaptic cell adhesion molecules, neuron maturation, and a number of neurological disorders, our assay results are a useful tool that can be used to support the understanding of the molecular bases of physiological and pathological brain function. Genetic analysis indicates that 20% to 30% of the total open reading frame encodes for integral membrane proteins (1). Although less abundant than cytosolic proteins, membrane-passing proteins contribute to the regulation of all major cell processes and signaling pathways. In particular, membrane proteins play an important role in the establishment of functional neuronal circuitries during development. This process initially entails the growth, guidance, and stabilization of neuronal processes (axons and dendrites) in a timely, ordered manner involving cell surface molecules that sense the extracellular surroundings and activate signaling cascades (2).
A complex and still not comprehensively resolved panel of transmembrane proteins regulates the outgrowth and the subsequent morphological and functional development of neuronal processes. In order to gain a more detailed description of these events at the molecular level, we have developed a cell surface biotinylation assay to isolate, detect, and quantify neuronal membrane proteins. When we applied our assay to investigate neuron maturation in vitro, we identified 439 differentially expressed proteins, including 20 members of the immunoglobulin superfamily. Among these candidates, we focused on Negr1, a poorly described cell adhesion molecule. We demonstrated that Negr1 controls the development of neurite arborization in vitro and in vivo. Given the tight correlation existing among synaptic cell adhesion molecules, neuron maturation, and a number of neurological disorders, our assay results are a useful tool that can be used to support the understanding of the molecular bases of physiological and pathological brain function. Genetic analysis indicates that 20% to 30% of the total open reading frame encodes for integral membrane proteins (1) . Although less abundant than cytosolic proteins, membrane-passing proteins contribute to the regulation of all major cell processes and signaling pathways. In particular, membrane proteins play an important role in the establishment of functional neuronal circuitries during development. This process initially entails the growth, guidance, and stabilization of neuronal processes (axons and dendrites) in a timely, ordered manner involving cell surface molecules that sense the extracellular surroundings and activate signaling cascades (2) .
Then, specialized cell-to-cell connections, the synapses, are formed. These connections allow information to flow from one neuron to another and relay the precise juxtaposition and interactions between the pre-and postsynaptic membrane proteins to support their final functional establishment. Several families of synaptic transmembrane or membrane proteins, such as semaphorin, neuroligin, neurexin, and the immunoglobulin superfamily (IgSF), 1 are implicated in neurite formation and synapse establishment (3) . However, the picture of membrane proteins expressed in neurons is still far from being completely resolved, and it is expected that many other key molecules are awaiting identification (4) . Thus, uncovering the nature of the dynamic multiprotein complexes expressed at the plasma membrane will possibly strongly support the understanding of the mechanism controlling structural and functional neuron development. Here, we describe a biochemical approach to isolate and quantify proteins exposed at the extracellular side of the plasma membrane. Our assay utilized affinity purification on streptavidin resin of biotinylated membrane proteins extracted from a crude synaptosomal preparation. We combined this cell surface biotinylation assay with MS/MS analysis and label-free quantification to investigate protein patterns characterizing immature and mature neuronal cultures. Our analysis identified a panel of 439 differentially expressed proteins, including 109 membrane proteins. In particular, we found that the expression profile of 20 cell adhesion molecules belonging to the IgSF was tightly correlated to neuronal maturation. Among our hits, we focused on Negr1, and we demonstrated that it plays a key role in regulating neuronal morphological development in vitro and in vivo.
EXPERIMENTAL PROCEDURES
Lentiviral Vector Constructs, Virus Production, and PlasmidsNegr1 target sequences were identified using Ambion Web-based oligo-search software, and four silencing sequences for Negr1 (A2, 5Ј-CACCCTTTGATGCTCCATCTT-3Ј; B1, 5Ј-AAGATGGAGCATCAA-AGGGTG-3Ј; D4, 5Ј-AATGTTGATGTAACAGATG-3Ј; C8, 5Ј-CTGGA-GGCTGTAGTCTCTT-3Ј) were selected, synthesized, and cloned into GFP-expressing pLVTH, as previously described (5) . In brief, oligonucleotides coding for a 5Ј-pseudoBglII site, a sense-oligonucleotideloop-antisense-oligonucleotide transcription termination site, and a 3Јpseudo-XbaI restriction site were purchased from Metabion, Martinsried, Germany. Sense and antisense oligos were annealed and subsequently phosphorylated. The fragments were cloned 3Ј to the H1 promoter of pBC KSϩ(ClaI)-H1, resulting in pBC KSϩ(ClaI)-sh. The H1sh cassettes were isolated with ClaI, blunted, and cloned into the blunted ClaI/BamH1 site of pLV transfer vector. pLV is a modified plasmid transfer vector derived from original pLVTH (6) in which the BamH1-tetO-H1-ClaI fragment has been excised. All recombinant lentiviruses were produced by means of transient transfection of HEK293T cells according to standard protocols (6) . Primary neuronal cultures were transduced with viruses at multiplicity of infection 1. mNegr1 cDNA (Addgene clone C3342IRCKp5014P057-rzpdm13-21) was cloned into strep-FLAG pcDNA3.1 vector. For rescue experiments, we introduce into mNegr1 cDNA via site-directed mutagenesis two silent mutations in the region targeted by miRNA A2 using the following primer: 5Ј-GCCGTGGACAACATGCTCGTCAGGAAAGG-TGACACAGCG-3Ј.
Neuronal Cultures-Cortical neuron cultures were prepared from mouse embryos (E17.5-18.5; strain C57BL/6). High-density (750 to 1000 cells/mm 2 ) and medium-density (150 to 200 cells/mm 2 ) neuronal cultures were plated and grown on six-well plastic tissue culture plates (Iwaki, Bibby Sterilin, Staffordshire, UK) or on 12-mm-diameter coverslips put into 24-well plastic tissue culture plates as previously described (Iwaki, Bibby Sterilin, Staffordshire, UK) (7). In these cultures glial growth is reduced to less than 0.5% of the nearly pure neuronal population (8) . Neuronal cultures were infected with viruses at days in vitro (DIV) 1 to 2 or transfected at DIV4 with Lipofectamine 2000 following the manufacturer's protocol (Lifetech, Carlsbad, CA).
Cell Surface Biotinylation Assay and Western Blotting-Neurons were incubated at DIV6 or DIV16 with 0.5 mg/ml nonpermeable biotin (NHS-biotin, Sigma-Aldrich) in PBS for 30 min under gentle agitation. After incubation, cells were washed with 100 mM glycine in PBS three times and PBS once, with each washing lasting 10 min.
Subsequently, subcellular fractions were produced as previously described (9) . Briefly, high-density cultures were collected in HEPESbuffered sucrose (0.32 M sucrose, 4 mM HEPES pH 7.4) and spun at 600g for 5 min to pellet the nuclear fraction. The resulting supernatant was centrifuged at 10,000g for 15 min to obtain a cytosolic supernatant (S2) and a crude synaptosomal pellet (P2). The P2 fraction was solubilized in a dedicated lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.4% n-dodecyl-␤-D-maltoside, 0.1% SDS, and 50 mM HEPES, pH 7.4) for 1 h. The lysates from P2 and S2 were spun for 20 min at 16,000g, and the supernatant was added to streptavidin-agarose beads and put under mild agitation for 1 h. After the incubation, the resin was washed twice with a wash buffer containing 150 mM NaCl, 50 mM Hepes, 0.1% Triton X-100. A brief centrifugation at 2000g followed each wash. Proteins were eluted in 60 l of 2X Laemmli buffer. To assay protein expression in vivo, C57BL/6 mice were sacrificed when indicated. Cortexes were isolated and homogenized manually in lysis buffer. After 1 h under mild agitation, lysate was clarified by centrifugation for 20 min at 16,000g. All procedures described here were performed at 4°C. The protein concentration in each sample was measured via standard Bradford assay (Bio-Rad). For protein identification and relative quantification via Western blotting, a proper volume of sample containing an equal amount of proteins was diluted with 0.25% 5X Laemmli buffer and loaded onto 4 -12% NuPAGE gels (Invitrogen); the proteins were transferred onto nitrocellulose membrane (Sigma-Aldrich) at 80 V for 120 min at 4°C. The primary antibodies were applied overnight in a blocking buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20, and 5% nonfat dry milk); primary antibodies (source in parentheses) included rabbit anti-NR2A 1:1000, goat anti-Negr1 1:1000 (R&D, Minneapolis, MN), rabbit anti-HSP90 1:1000, rabbit anti-NSF 1:1000, rabbit anti RpS6 1:2000 (Cell Signaling, Danvers, MA), mouse anti-NCAM 1:1000 (BD Biosciences), mouse anti-PSD-95 1:5000 (NeuroMab, Davis, CA), mouse anti-MAP2 1:1000, mouse anti-SNAP-25 1:1000, mouse anti-Synaptophysin 1:1000, mouse anti-syntaxin 1A 1:1000, mouse anti-actin 1:1000, mouse anti-␣-tubulin 1:1000 (Sigma-Aldrich), and mouse antiNa/K ATPase ␣ 1:2000 (10) (a generous gift from Grazia Pietrini, University of Milano). The secondary antibodies (HRP-conjugated anti-mouse, anti-rabbit, or anti-rat) (Jackson ImmunoResearch, Suffolk, UK) were used in a ratio of 1:8000. The signal was detected using an ECL detection system (GE Healthcare). Films were acquired on a GS-800 densitometer (BioRad) calibrated following the manufacturers' instructions, and protein abundance was estimated as a function of the optical density of a specific band quantified by ImageJ software (NIH). Unless otherwise stated, all the other chemicals were purchased from Applichem, GmBH, Darmstadt, Germany.
Electron Microscopy-Specimens from neurons at different DIV were prepared for electron microscopy as previously described (11) . Briefly, neuronal cultures were fixed in cacodylate buffered with 3% glutaraldehyde for 12 h and subsequently Epon-embedded. Ultrathin sections were cut, mounted on copper grids, contrasted with uranyl acetate and lead citrate, and observed with an electron microscope (Zeiss EM10 at 60 kV). Electron microscopy images were processed on ImageJ (NIH), and single vesicles and synaptic structures were annotated manually. Throughout the text, n refers to the number of neurons measured. For transmission electron microscopy analysis of the P2 fraction, samples were fixed with 2% glutaraldehyde in cacodylate buffer (Na-cacodylate 0.1 M, pH 7.4) and processed for transmission electron microscopy. Briefly, after fixation the samples were post-fixed with osmium tetroxide (2% OsO 4 in 0.1 M cacodylate buffer), rinsed, stained with 1% uranyl acetate in water for 45 min, dehydrated, and embedded in epoxy resin (Epon 812, Electron Microscopy Science, Hatfield, PA). The resin was then baked for 48 h at 60°C. Thin sections (70 nm) were obtained with an ultramicrotome (Reichert Ultracut E, Leica Microsystems, Heerbrugg, Switzerland). Samples were observed with a Philips CM10 transmission electron microscope at 80 kv, and images were acquired using a Morada Olympus digital camera.
Immunofluorescence and Quantification-For the immunostaining experiments, neurons were fixed in 4% paraformaldehyde and 4% sucrose at room temperature or 100% methanol at Ϫ20°C. Primary and secondary antibodies were applied in GDB buffer (30 mM phosphate buffer, pH 7.4, containing 0.2% gelatin, 0.5% Triton X-100, and 0.8 M NaCl) for two hours at room temperature or overnight at 4°C. Primary antibodies included goat anti-OPCML 1:500, goat anti-NEGR1 1:500 (R&D), mouse anti-LSAMP 1:1000 (DSHB, Iowa City, Iowa), mouse anti-PSD-95 1:500 (NeuroMab), Alexa phalloidin-546 1:2000 (Invitrogen), rabbit anti-MAP2 1:400 (Millipore, Billerica, MA), and mouse anti-Na/K ATPase ␣ 1:100. GFP-positive neurons were randomly chosen for quantification in at least four independent experiments for each condition. The fluorescence images were acquired using an LSM Zeiss 510 confocal microscope with a Zeiss 63ϫ objective (Karl Zeiss, Jena, Germany) at a resolution of 2048 ϫ 2048 pixels, with a pixel size of 0.098 m. All the measurements were performed using NeuronStudio. Neurites and dendritic spines were automatically traced and quantified by the software in terms of length, number, and morphology (12, 13) . Data were then logged and analyzed in Microsoft Excel.
Exo-endocytotic Assay-The endocytosis assay to monitor synaptic vesicle (SV) recycling was performed as previously described with minor modifications (14, 15) . Briefly, rabbit polyclonal antibodies directed against the intravesicular domain of synaptotagmin1 (Synaptic Systems, Goettingen, Germany) were diluted in Tyrode solution (124 mM NaCl, 5 mM KCl, 5 mM CaCl 2 , 1 mM MgCl 2 , 30 mM glucose, 25 mM HEPES, pH 7.4) and applied for 5 min at room temperature. After fixation and permeabilization, a synaptophysin counterstain (mouse anti-synaptophysin 1:400, Sigma-Aldrich) was performed to visualize the totality of synaptic vesicles. Images were acquired by means of confocal microscopy, processed, and quantitatively analyzed with ImageJ software, as previously described (16) .
Mass Spectrometry-Protein samples derived from cellular fractions before Strep pull-down were processed via filter-aided sample preparation as described elsewhere (17) . Samples generated via Strep pull-downs were directly digested on bead after reduction and alkylation and repetitive washes with 6 M urea followed by one wash in 5 M NaCl. The peptides generated by tryptic digests were acidified and then subjected to LC-MS/MS as described elsewhere (18) . Briefly, LC-MS/MS analysis was performed on an Ultimate3000 nano-HPLC system (Dionex, Sunnyvale, CA) coupled to an LTQ OrbitrapXL mass spectrometer (Thermo Fisher Scientific) by a nanospray ion source. Tryptic peptides were automatically injected and loaded at a flow rate of 30 l/min in 95% buffer C (0.5% trifluoroacetic acid in HPLC-grade water) and 5% buffer B (98% actetonitrile and 0.1% formic acid in HPLC-grade water) onto a nano trap column (100 m inner diameter ϫ 2 cm, packed with Acclaim PepMap100 C18, 5 m, 100 Å; Dionex). After 5 min, peptides were eluted and separated on the analytical column (75 m inner diameter ϫ 15 cm, Acclaim PepMap100 C18, 3 m, 100 Å; Dionex) by a linear gradient from 5% to 40% of buffer B in buffer A (2% acetonitrile and 0.1% formic acid in HPLC-grade water) at a flow rate of 300 nl/min over 120 min. Remaining peptides were eluted by a short gradient from 40% to 100% buffer B in 5 min. The eluted peptides were analyzed by the LTQ OrbitrapXL mass spectrometer. From the high-resolution mass spectrometry prescan with a mass range of 300 -1500, the 10 most intense peptide ions were selected for fragment analysis in the linear ion trap, if they exceeded an intensity of at least 200 counts, and if they were at least doubly charged. The normalized collision energy for collisioninduced dissociation was set to a value of 35, and the resulting fragments were detected with normal resolution in the linear ion trap. The lock mass option was activated, and the background signal with a mass of 445.12002 was used as the lock mass (19) . Every ion selected for fragmentation was excluded for 30 s by means of dynamic exclusion. The acquired spectra were processed and analyzed using Mascot Daemon (V2.4.1) with the following settings: cystein carbamidomethylation as a fixed modification; methionine oxidation and asparagine/glutamine deamidation as variable modifications; and one missed cleavage allowed. Mass tolerances for parent and fragment peptides were set at 10 ppm and 0.6 Da, respectively. The database used was the Ensembl Mouse database (version GRCm38; 51,372 sequences, 23,210,570 residues) For the qualitative analysis, Mascot result files were analyzed by Scaffold software (V4.0.7, Proteome Software Inc., Portland, OR) to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95% probability as specified by the Peptide Prophet algorithm (20) . Protein identifications were accepted if they could be established at greater than 99% probability and contained at least two identified unique peptides. Protein probabilities were assigned by the Protein Prophet algorithm (21) . Protein and peptide false discovery rates were fixed at 1% and 0.1%, respectively. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. All identified proteins with their respective numbers of uniquely identified peptides are listed in supplemental Table S1 . All identified peptides are listed in supplemental Table S2 .
For relative quantification based on peptide intensities, three independent biological replicates for each experimental condition were analyzed. The raw files were directly imported into Progenesis Software (version 4.0, Nonlinear Dynamics, Newcastle upon Tyne, UK) and processed as described elsewhere (18) . Briefly, profile data of the MS scans and MS/MS spectra were transformed into peak lists with Progenesis LC-MS using a proprietary algorithm and then stored in peak lists comprising m/z and abundance values. One sample was set as a reference, and the retention times of the other sample within were aligned (three to five manual landmarks, followed by automatic alignment) to create maximal overlay of the two-dimensional feature maps. Features with only one charge or more than seven charges were masked at this point and excluded from further analysis. Samples were then allocated to experimental groups (DIV6 and DIV16, respectively). For quantification, all unique peptides (with Mascot percolator score Ն 13) of an identified protein were included and the cumulative abundance for that protein was calculated by summing the abundances of all peptides allocated to the respective protein normalized versus the total peptide abundance. No minimal thresholds were set for the method of peak picking or selection of data to use for quantification. Based on the cumulative intensities, a ratio between DIV16 and DIV6 was calculated for each protein and evaluated statistically via t test. All identified proteins with their respective cumulated peptide intensities from each sample are listed in supplemental Table S3 . Peptide quantification is reported in supplemental Table S4 .
In Utero Electroporation-In utero electroporation was performed with the standard configuration, as described elsewhere (22) . In brief, the day of mating (limited to 4 h in the morning) was defined as embryonic day zero (E0), and the day of birth was defined as postnatal day zero (P0). E15.5 timed-pregnant CD1 mice (Harlan Italy SrL, Correzzana, Italy) were anesthetized with isoflurane (induction, 4%; surgery, 2.5%), and the uterine horns were exposed by laparotomy. The DNA (1 to 2 g/l in water) together with Fast Green dye (0.3 mg/ml; Sigma, St. Louis, MO) was injected (5 to 6 l) through the uterine wall into one of the lateral ventricles of each embryo by a 30-gauge needle (Pic indolor, Grandate, Italy). After the uterine horn had been soaked with a PBS solution, the embryo's head was carefully held between tweezer-type circular electrodes (3-mm diameter, Nepa Gene, Chiba, Japan). For the electroporation, six electrical pulses (amplitude, 30 V; duration, 50 ms; intervals, 1 s) were delivered with a square-wave electroporation generator (CUY21EDIT, Nepa Gene, Ichikawa-City, Chiba, Japan; ECM 830, BTX, Harvard Apparatus, Holliston, MA). After electroporation, the uterine horns were returned into the abdominal cavity and embryos were allowed to continue their normal development.
Real-time Reverse-transcription PCR-Quantitative real-time RT-PCR was performed as previously described (23) . In short, RNA extracted by the RNeasy Mini Kit (Qiagen, Hilden, Germany) was reverse transcribed using SuperScript ® -VILO (Invitrogen, #11904 -018). For quantification of Negr1 and Ncam1 transcripts, real-time PCR was performed using the ABI PRISM 7900 Sequence Detection System (Applied Biosystems, Carlsbad, CA) and TaqMan ® reaction mixes for murine Negr1 (Mm01317328_m1, Applied Biosystems), Ncam1 (Mm01149710_m1, Applied Biosystems), and Actb (actin, beta) (NM_007393.1, Applied Biosystems). All samples were measured in triplicate. The relative expression of endogenous Negr1 and Ncam1 was determined via normalization to Actb (2 Ϫ[⌬Ct] ). Statistical Analysis-All data are expressed as means Ϯ S.E. Data were analyzed with an unpaired Student's t test (two classes) or ANOVA followed by Tuckey's post hoc test (more than two classes). The number of experiments (n) and the level of significance (p) are indicated throughout the text.
RESULTS

Cell Surface Biotinylation Assay Allows the Enrichment of
Membrane Proteins-Our cell surface biotinylation assay exploits the incubation of living neuronal cultures with nonpermeable biotin moieties to tag protein domains at the extracellular level. To minimize protein internalization, we performed the biotinylation step at 4°C (24) . After extensive washing, we collected via sequential centrifugation a series of biochemical fractions, namely, S1 (mainly containing cell body), S2 (cytosol), and P2 (enriched in synaptosome and mitochondria) (9) . Transmission electron microscopy investigation of P2 fractions obtained from DIV6 and DIV16 cultures confirmed that both samples contained a subcellular structure recognizable as the synaptosome (supplemental Fig. S1 ). After solubilization in dedicated lysis buffer, we immobilized biotinylated proteins from P2 and S2 fractions on a streptavidin-agarose resin. After washing, we eluted the proteins in Laemmli buffer and analyzed the fractions via Western blotting. As bona fide examples of proteins located at various cellular compartments, we monitored the biochemical profiles of the synaptic proteins NMDA-R subunit 2A, syntaxin 1A, PSD-95, and NSF (Fig. 1A) ; cytoskeletal components such as MAP2, actin, and tubulin (Fig. 1B) ; and cytosolic proteins such as RpS6 and HSP-90 (Fig. 1C) in fractions obtained from DIV16 cultures. Western blot analysis showed that the P2 fraction was enriched in synaptic proteins such as PSD-95 and NSF and was mostly lacking in cytosolic components such as RpS6 and HSP-90; furthermore, we found that NMDA-R subunit 2A was present in the eluate of streptavidin pull-down obtained from the P2 fraction (NMDA in STREP-PD was around 26% of the input; Fig. 1B) . A similar analysis performed on DIV6 culture produced comparable results (supplemental Fig. S2 ). To further explore the performance of our assay, we analyzed four biological sources obtained from DIV16 cultures by means of MS/MS spectrometry: total cell lysate, P2 fraction, or STREP-PD fraction resulting from total cell lysate or P2 fraction. We detected 1405 unique proteins, including 155 membrane proteins, in total cell lysate; 710 (147 membrane proteins) in STREP-PD from total cell lysate; 1457 (153 membrane proteins) in the P2 fraction; and 692 (166 membrane proteins) in STREP-PD from P2. In particular, STREP-PD from the P2 fraction was characterized by a peculiar subset of proteins not shared with the P2 fraction (74, 24 membrane proteins) or with STREP-PD from lysate (148, 36 membrane proteins) ( Fig. 2A and supplemental Tables S1 and S2). When we ranked protein hits in function of the number of unique peptides assigned by MS/MS analysis, we found three membrane proteins in STREP-PD fractions, only one in the P2 fraction, and none in total cell lysate among the top four identifications (Fig. 2B) . Gene ontology (GO) analysis performed on DAVID Bioinformatics Resources 6.7 (25, 26) indicated that the total cell lysate and P2 fraction included about FIG. 1. Cell surface biotinylation assay isolates membrane proteins. We developed an assay to enrich our sample in membraneassociated proteins expressed in the synaptosomal fraction. Briefly, cell surface proteins from cortical neurons were biotinylated for 30 min at 4°C and then processed biochemically to produce input (i, 10% of lysate) and fractions containing nucleus-free supernatant (S1), cytosol (S2), and crude synaptosomes (P2). Biotinylated membraneassociated proteins were eluted in Laemmli buffer after affinity enrichment on Streptavidin resins (STREP-PD). We monitored our protocol via Western blotting with antibodies raised against synaptic (A), cytoskeletal (B), and cytosolic markers (C). Postsynaptic (NMDAR2 subunit NR2A) and presynaptic (syntaxin1A) markers were enriched in the P2 fraction, whereas cytoskeletal (actin and tubulin) or cytosolic proteins (HSP-90) were not present. The left-hand panels show representative blots. For each protein blotted on the left, the histograms on the right report on the y-axis the optical density (O.D.) found in each fraction normalized versus the input amount. Quantification of the relative abundance of the different proteins in each fraction showed that NR2A was enriched in STREP-PD P2 fraction relative to the other subcellular markers.
FIG. 2. Cell surface biotinylation assay isolates membrane proteins involved in synaptic functions.
A, Venn diagrams compare the protein datasets identified in total cell lysate and P2 fraction (input), in the STREP-PD fraction obtained from total cell lysate and from P2 (STREP-PD), in STREP-PD from lysate and the lysate itself (lysate), and in STREP-PD from P2 and the P2 fraction itself (P2). "Input" refers to the protein source used in the streptavidin-enrichment procedure. The numbers in parentheses refer to the number of membrane proteins within each fraction. Values reported arose from a combination of four independent experiments. B, the tables report the four top entries for total cell lysate, STREP-PD lysate fraction, P2, and STREP-PD P2 fractions based on the number of unique peptides assigned. Protein name, UniProtKB entry, cellular location, molecular weight (MW), number of unique peptides identified (Pep), and sequence coverage (Cov) are indicated. C, the graphs report the GO analysis run considering cellular components relative to the proteins identified in total cell lysate, STREP-PD lysate, P2, and STREP-PD P2 fractions. D, the graphs report the GO analysis run considering biological processes executed by plasma membrane proteins identified in total cell lysate, STREP-PD lysate, P2, and STREP-PD P2 fractions. Additional information on protein identification, GO annotation, TMHMM prediction, and peptide identification can be found in supplemental Tables S1 and S2. 26% to 27% membrane proteins and that the incubation on streptavidin beads enriched the membrane protein yield by up to 33% and 44% in STREP-PD from total cell lysate and from P2, respectively (Fig. 2C) . Once we considered the biological functions executed by plasma membrane proteins only, we found that 38% were involved in synaptic functions and about 18% in cell-adhesion-related processes in total cell lysate or the P2 fraction. These fractions rose to 55% and 20% in STREP-PD from P2 (46% and 21%, respectively, in STREP-PD from cell lysate; Fig. 2D ). In STREP-PD from P2 we listed a number of proteins that had not been previously described at the synaptic site. Thus we considered for further analysis a panel of these hits, namely, Na/K ATPase subunit ␣, OPCML, and LSAMP. Through immunolocalization assays we were able to confirm their synaptic localization (supplemental Fig. S3 ). In conclusion, our cell surface biotinylation assay allowed a robust enrichment of membrane proteins. Interestingly, a high percentage of the identified hits were functionally and/or topologically related to the synapse.
Identification of Membrane Proteins Differentially Expressed during Neuronal Development-Membrane proteins play a pivotal role in the functional and structural remodeling experienced by neurons along in vitro culturing (27) (28) (29) . Thus, we assessed the potential of our assay for identifying the membrane-associated proteins involved in neuronal development. In order to profile the main steps characterizing in vitro maturation, we analyzed cortical cultures at four different time points (i.e. DIV4, DIV8, DIV12, and DIV16) recognized as representative of neuronal maturation (30) . Cortical cultures were infected with GFP-expressing viruses (miRNA control; see "Experimental Procedures") at DIV1, fixed, and imaged at DIV4, -8, -12, and -16 ( Fig. 3A and supplemental Fig. S4A) .
We measured the neurite number, total length, and complexity (as monitored by Sholl analysis and by the counting of processes for each order of neurite branching; Figs. 3B-3D and supplemental Fig. S4B ). The analysis revealed that neurite arborization matured in terms of process number, length, and branching during in vitro culturing. To verify whether the structural maturation correlated with functional features, we measured synaptic functions at the four different time points. To this end, we monitored the SV exo-endocytotic rate by exposing cortical living neurons to an anti-synaptotagmin antibody, as previously described (15) . Recycling SVs take up the antibody and thus appear as synaptotagmin-positive clusters after fixation and staining (Fig. 3E) . The quantification of synaptotagmin-positive clusters revealed that the percentage of recycling SVs within the total SV pool increased linearly from DIV4 to DIV16 (Fig. 3F) . The total vesicle pool estimated via staining with antibodies against an SV integral protein (synaptophysin) after fixation and permeabilization of the cells showed a bimodal profile, with an increase from DIV4 to DIV8 followed by a decrease at DIV12 and a recovery at DIV16 (Fig.  3G ). This pattern might reveal a process of rapid synaptogenesis followed first by the elimination of unnecessary contacts and later by the establishment of new functional synapses occurring in neuronal networks during physiological development (31) . Accordingly, when we examined the neuronal ultrastructure by means of electron microscopy, we noticed that both post-and presynaptic structures changed with in vitro culturing, as previously reported (32) . In particular, a number of structural parameters such as postsynaptic density, length and width, active zone length, number of SVs in total and docked pools, and SV average diameter increased as culture proceeded in vitro (supplemental Fig. S5 ). In conclusion, we observed major changes when comparing neurons kept in culture until DIV4 with neurons kept until DIV16. Next, we used our biochemical approach to investigate cultures at two time points, DIV6 and DIV16, considered here as archetypes of the immature and mature stages, respectively. We chose DIV6 instead of DIV4 to cope with two opposing issues: the investigation of an early stage and the necessity of collecting a sufficient yield of proteins. Indeed, we noticed from preliminary experiments that we were not able to obtain an amount of proteins sufficient for our analytical purposes from DIV4 culture (data not shown). In order to identify and obtain a semi-quantitative evaluation of the transmembrane protein pattern expressed at synaptic sites in the immature and mature stages, we combined our assay with MS/MS spectrometry and label-free quantification. The analysis revealed 439 proteins differentially expressed between DIV6 and DIV16 (supplemental Tables S3 and S4 ). With respect to the subcellular localization, 40% of proteins were associated with the plasma membrane ( Fig. 4A and supplemental Table S3 ). Functional analysis indicated that 58% of differentially regulated proteins were involved in synaptic functions and 17% in cell-cell adhesion (Figs. 4B and 4C; supplemental Table S3 ). Interestingly, among those differentially expressed proteins, we identified 109 transmembrane proteins including 20 cell adhesion molecules (CAMs) belonging to the IgSF (Fig. 4D) . To support our proteomic evidence, we chose two proteins for further analysis, Negr1 (33, 34) and NCAM-1 (35, 36) . Western blotting experiments indicated that Negr1 and NCAM-1 were enriched in the P2 and STREP-PD fractions (Figs. 5A and 5B) and that they were both present at the synaptic site (Fig. 5C ). Next we confirmed that Negr1 and NCAM protein expression in both P2 and STREP-PD P2 fractions as well as Negr1 and NCAM mRNAs increased significantly from DIV6 to DIV16 (Figs. 5D and 5E ; quantification in Figs. 5G-5I) . Furthermore, we noticed that Negr1 and NCAM expression in cortex increased during in vivo development ( Fig. 5F ; quantification in Fig. 5J ), whereas the expression of a nonrelated protein, RAB3A, remained constant (supplemental Figs. S6A and S6B) . Thus, our cell biotinylation assay proved to be a valuable tool for investigation of the molecular mechanisms in play during neuronal development.
Negr1 Modulates Neuronal Structural Maturation-Of the differentially expressed CAMs identified in our assay, we fo- cused on Negr1. Negr1 belongs to a subgroup of the IgSF named IgLON. IgLON CAMs are implicated in synapse formation, functions, and plasticity (37) . Given the expression profile we reported for in vitro culturing, we investigated the impact of Negr1 on neuronal morphological maturation. To this aim, we generated artificial viruses carrying GFP reporter and an miRNA-like construct able to silence Negr1 expression down to 20% of its endogenous level (supplemental Figs. S6C-S6G ), reducing the short-hairpin RNA-related adverse effect (5) . To evaluate the effect of Negr1 silencing on neuronal structure, we infected cortical cultures at DIV1 with viruses carrying miRNA Negr1 or miRNA control and fixed the cells at an immature (DIV6) or mature (DIV16) stage. On these cultures, we measured the neurite number, total length, and complexity (as monitored by Sholl analysis and the count of process number for each order of branching). The analysis revealed that Negr1 down-regulation did not have a significant effect on neurite arborization at DIV6 (Fig. 6) . Instead, when we analyzed neurons cultured until DIV16, we found that miRNA Negr1-infected cells were characterized by significantly less complex neuritic trees than culture-matched miRNA control-infected cells (Figs. 7A and 7B ). In particular we noticed that Negr1 silencing induced a decrease in neurites' total length and number (process total length, miRNA control ϭ 1287.6 Ϯ 91.1, miRNA Negr1 ϭ 799.0 Ϯ 77.1; process number, miRNA control ϭ 54 Ϯ 3.7, miRNA Negr1 26.7 Ϯ 3.1; p Ͻ 0.01; Figs. 7C and 7D ). The staining with antibodies raised against the dendritic protein MAP2 (38) suggested that Negr1 silencing affected mainly dendritic development (supplemental Fig. S7 ). We obtained comparable results when we down-regulated Negr1 expression via infection with a virus bearing a second Negr1 silencing construct (supplemental Fig. S8 ). Dendritic spines constitute the main postsynaptic elements of excitatory synapses and are morphologically distinguished as mushroom, stubby, or filopodia-like. Mushroom spines are considered mature and fully functional and are decorated by postsynaptic density markers such as PSD-95 and actin, whereas immature protrusions lack these components (39, 40) . Interestingly, a previous report indicated that Negr1 overexpression positively modulates the dendritic spine number, but no evidence on the role of endogenous Negr1 has been provided so far (33). Thus we imaged dendritic protrusions in control and Negr1 silenced neurons at DIV16 and found mature protrusions stained by PSD-95 and actin or filopodial-like structures missing these markers (Fig. 8A) . Interestingly, when we quantified the number and morphology of dendritic spines, we found that Negr1 silencing decreased the total spine number but did not have a significant impact on the morphology of these structures (spine number/10 m: miRNA control ϭ 1.9 Ϯ 0.2, miRNA Negr1 ϭ 1.33 Ϯ 0.1, p Ͻ 0.05; Fig. 8B ).
Given the implication of Negr1 involvement during neuronal morphological maturation in vitro, we verified its role in vivo. To this end, we injected miRNA control or miRNA Negr1 into the lateral ventricle of E15.5 mouse in utero and electroporated them into a subpopulation of neural progenitors and their progeny. After allowing in vivo development, we analyzed the somatosensory cortex in coronal slices obtained from pups at P7. To appreciate neuron morphology, we acquired confocal images of the GFP fluorescence in layer II/III cortical neurons that were derived from miRNA-transfected progenitors ( Fig. 9A and supplemental Fig. S9A ). We found that Negr1 miRNA cells displayed reduced basal dendrite arborization relative to controls, as demonstrated by the quantification of total neurite length and number (process total length: miRNA control ϭ 538.8 Ϯ 38.1, miRNA Negr1 ϭ 359.8.0 Ϯ 25.9, p Ͻ 0.01; process number: miRNA control ϭ 30.4 Ϯ 2.9, miRNA Negr1 15.7 Ϯ 1.5, p Ͻ 0.001; Figs. 9B and 9C) and by Sholl analysis (supplemental Fig. S9B ). Together, these data indicate that Negr1 down-regulation prevents normal morphological development of pyramidal neurons in vivo. Overall, our data suggest a critical role for Negr1 in modulating the structural maturation of neurons.
DISCUSSION
The investigation of membrane proteins is a hard task in proteomic investigations because of their low absolute amounts and their mostly hydrophobic nature. Notwithstanding the huge list of synaptosomal proteins generated by highthroughput proteomic studies, the repository of membrane protein remains poorly represented. Recently, Pielot and colleagues generated a meta-database from 12 proteomic publications describing approaches relying on enrichment of membrane fractions from different brain areas (4) . The dataset included more than 2000 proteins, of which only 200 (less than 10%) were allocated to the plasma membrane. However, two articles specifically focusing on the investigation of the neuronal membrane subproteome achieved better results. Li and co-workers combined synaptic plasma membrane puri- fication from rat hippocampi with blue native/SDS-PAGE and MS/MS analysis to describe 185 membrane proteins (about 36%) within a database of 514 (41) . Additionally, Olsen and colleagues identified 197 membrane proteins (about 35% of 555 total hits) in plasma membrane preparations obtained from different mouse brain areas investigated by means of cation-exchange chromatography coupled with LC-MS/MS (42) . In contrast to the approaches described so far in which brain tissue was used as a protein source, we applied cell surface biotinylation on primary neuronal cultures. Primary cultures constitute a robust model to recapitulate neuron physiology and ensure easy access for pharmacological and genetic manipulations that might be difficult, if not impossible, to perform in the intact brain. Furthermore, neurons can be cultured for up to 3 weeks, thus allowing the investigation of dynamic molecular modifications in a time-dependent manner. Our assay fostered the identification of up to 166 membrane proteins. Nevertheless, we found a certain amount of cytosolic/nonmembrane proteins in our dataset. The presence of cytosolic contaminants might have been due to unspecific binding to the agarose matrix of such molecules, characterized by a higher absolute cellular abundance and better solubility in aqueous buffer than membrane-passing molecules. In spite of this technical issue, the performance of our protocol far exceeds the results of similar investigations on primary cultures, to the best of our knowledge. In particular, Stella and colleagues identified about 30 membrane proteins from a preparation of membrane obtained from pri- mary cultures of cerebellar granule neurons (43) . The protocol we proposed here implies incubation with nonpermeable biotin with the aim of tagging the proteins truly exposed to the extracellular side at a given functional/developmental stage. Chen and colleagues developed a similar approach and revealed 27 proteins predicted to have at least one transmembrane domain in primary hippocampal cultures (44) . Their method lacked the biochemical fractionation utilized here. This difference may account for the much higher recovery of membrane proteins we reported here in comparison to the results of Chen and colleagues. Furthermore, the P2 fraction used in our assay enriches plasma membranes and synaptosome (see supplemental Fig. S1 and Ref. 9) , an artificial organelle comprising pre-and postsynaptic elements (45) . Accordingly, about 55% of the membrane protein identified by our assay is synaptic or associated with synaptic function according to the GO annotation.
When we compared immature versus mature neuronal cultures, we identified a panel of 439 differentially expressed proteins. Among them, we found 109 proteins localized at the plasma membrane, and in particular we found 20 IgSF CAMs. Neuronal IgSF CAMs associate at the cell surface to form homo-and heterophilic complexes and regulate neurite outgrowth and synaptic-contact formation (3). The expression levels of Thy-1 (46), cell adhesion molecule 3 (47), cell adhesion molecule L1 (48), NrCAM (49, 50) , neuroplastins (51) , and basigin (52) are necessary for the proper establishment of functional neuronal circuitry. Thus, our data are perfectly in line with the fact that the above-mentioned CAMs have a precise expression profile tightly correlated to neuronal maturation. Given their pivotal role during neuronal development, several CAMs have been not surprisingly implicated in neurological disorders (53) (54) (55) . Recent genetic linkages have associated NrCAM and Negr1 with autism spectrum disorder (56 -58) .
Negr1 is a synaptic adhesion protein member of the IgLON CAM family (59) . In dissociated neurons in culture, Negr1 is mainly observed at axons and presynaptic terminals at early culture stages, but it becomes also postsynaptic at late culture stages (33) . Finally, Negr1 overexpression affects the number of synapses with different outcomes depending on the culture stage. If it occurs in early stages, the overexpression of Negr1 decreases the number of synapses, whereas at later stages it is positively associated with synapse number (37) . The silencing approach described here sheds light on the physiological function of endogenous Negr1. In particular, we demonstrated that Negr1 hypoexpression induced a significant decrease in the number and length of neuronal processes in mature neurons, thus causing a severe reduction of the overall complexity of neurite arborization in vitro and in vivo. Given that we reported a similar phenotype in cells overexpressing Negr1, overall our data demonstrate that the Negr1 expression level is tightly associated with neuronal maturation and that it controls the proper development of neurite arborization and dendritic spines.
The pattern of dendrite arborization exhibited by a neuron is tightly correlated to its function. Any alteration in dendrite morphology has dramatic consequences for the proper formation and functionality of the connectivity network within surrounding cells (60, 61) . Recent findings point to altered brain connectivity as a key feature in autism spectrum disorder (62) . Interestingly, evidence links the pathogenesis of autism spectrum disorder specifically to neuronal-network anomalies and dendritic spine dysmorphology (63) (64) (65) . We hypothesize that Negr1 regulates the development, formation, and stabilization of a functional neurite network, and consequently Negr1 mutation might contribute to the anatomical aberrations reported in autism spectrum disorder. Independent approaches are needed to confirm the precise localization of the hits identified. Nevertheless, we are confident that our assay can increase the recovery of membrane proteins and facilitate the isolation of molecules functionally and/or topologically related to the synapse.
Finally, our study allowed the preliminary identification of a panel of membrane proteins whose expression was correlated with neuronal development. Although further studies FIG. 8 . Negr1 silencing affects dendritic spine density. Cortical neurons were infected at DIV1 with miRNA control and miRNA Negr1. At DIV16, cells were fixed, stained, and imaged by means of confocal laser microscopy. A, we imaged neuron processes (green) to highlight dendritic spines. Mature spines were decorated by F-actin (red) and PSD-95 (blue). B, quantification of morphological parameters describing spines. The panel reports spine density (spine number/10 m), length, width, and percentage of protrusions characterized by a mushroom, stubby, or thin morphology (type). Scale bar ϭ 10 m. Data are expressed as mean Ϯ S.E.; Student's t test, * p Ͻ 0.05, n ϭ 3; seven neurons were measured for each experimental case.
will be required to clarify in detail the mechanisms orchestrated by these molecules, our assay proved to be a reliable starting point to study the extracellular proteome and monitor its implication in physiological and pathological neuronal mechanisms.
FIG. 9. Negr1 affects neuronal morphology in vivo.
Mouse embryos were electroporated in utero at E15.5 with miRNA control or miRNA Negr1 and sacrificed at P7. A, camera lucida drawing elaborated from confocal images of GFP fluorescence in coronal sections of mouse somatosensory cortices. Negr1 down-regulation resulted in a decrease in the total length (B) and number (C) of neurite processes. Scale bar ϭ 20 m; Student's t test, * p Ͻ 0.01, **p Ͻ 0.001, n ϭ 3; 10 electroporated cells were measured for each experimental case.
